Angiocardiographic methods have been developed for calculation of left ventricular volume, mass of the ventricle, forces acting within the ventricular wall, mechanical performance of the ventricle, compliant properties of the myocardium, and abnormalities in wall motion. A critical review is presented on the methods, geometric models, and calculations for estimating left ventricular volume. Construction of the ventricular volume curve and pressure volume diagram is described. The techniques, assumptions, and mathematical basis for determining left ventricular mass, tension, and stress are analyzed. The assessment of left ventricular function by angiocardiography is delineated and the geometric shape, wall forces,
SINCE THE OBSERVATIONS OF WILLIAM HARVEY on the circulation, quantitation of cardiac function has remained an objective of physiological and clinical investigators. Ventricular performance has been traditionally evaluated by measurements of chamber pressure and blood flow. In recent years, however, advances in radiographic technology have enabled cardiac angiography to provide dimensional analysis of left ventricular function. Angiocardiographic methods have been developed for calculation of left ventricular volume, mass of the ventricle, forces acting within the ventricular wall, mechanical performance of the ventricle, compliant properties of the myocardium, and abnormalities in wall motion. This paper will review the methods for obtaining dimensional measurements of the left ventricle in man, assumptions and mathematical equations, limitations of the techniques, and clinical applications to cardiac diseases.
Methods

Left Ventricular Volume
The pioneering work of Arvidsson, Chapman, and Dodge utilized two-dimensional radiographic techniques for the opacification and determination of left ventricular volume.`Although many modifications have been made since these initial contributions to quantitative angiocardiography, the principles and techniques have remained generally unchanged and are testimony to the clear understanding of ventricular dynamics shown by these investigators. Biplane radiographic equipment and filming devices, direct manual measurements from the ventriculogram, geometric assumptions, and extensive mathematical calculations were basic to these methods for estimation of left ventricular volume. The studies of Arvidsson and Dodge were performed using large cut-films which had filming speeds of six biplane film pairs per second. Chapman and colleagues photographed the anteroposterior and lateral fluoroscopic screens in early experimental and clinical studies. The duration of filming was 3 to 5 sec.
Technique
Currently utilized radiographic equipment for quantitative angiocardiography includes biplane large film changers with 6 to 12 film pairs per second, biplane cinefluorographic units with filming speeds of 30 to 60 frames per second, and single plane cinefluorographic units. The large film ventriculograms allow a limited number of sequential observations but produce superior clarity of the opacified ventricle. The left ventricle and left atrium can be demonstrated. Cineangiograms may not provide the sharpness of the margins of the opacified chamber that can be obtained with large films but provide more sequential volume observations per unit of time. Moderately dilated left ventricles may not be completely contained within the cine frame.
Not only is the radiographic technique important for delineation of the opacified left ventricular chamber, but the site of injection of contrast material influences the quality of the image of the opacified ventricle that is used for tracing ANGIOGRAPHIC QUANTITATION OF LV FUNCTION/Rackley the chamber margins. Sites for injection of the contrast material have included the pulmonary artery, left atrium, left ventricle, and the aortic root. Patients with normal circulatory dynamics can tolerate 50 to 75 ml of contrast material injected over two to three seconds into the pulmonary artery for delayed filming of the left ventricle. Injections can also be made via a transseptal catheter into the left atrium with subsequent opacification of the left ventricle. Most often the contrast material is directly injected into the left ventricle. In patients with severe aortic regurgitation, adequate opacification of the left ventricle can be obtained with injection of the contrast material into the aortic root. For valid measurements, along with adequate opacification, ventricular irritability must be avoided.
The anteroposterior and lateral projections of the opacified chamber are then traced, with careful attention to the aortic valve which can be identified by the aortic sinuses during the diastolic phase. Injections in the pulmonary artery and left atrium sometimes obscure clear demarcation of the aortic root sinuses. Occasionally, injection into the aortic root and opacification of the decending aorta will further obscure the aortic sinuses. The exact location of the apex of the ventricle is also critical for accurate volume calculations.
Magnification and distortion, appropriate geometric reference figures, and methods for calculating ventricular volume from the dimensions are important factors in quantitative angiocardiography. 4 Since the biplane angiocardiograms are taken with a tube-to-film distance of less than six feet, magnification of the opacified ventricle occurs. Furthermore, nonparallel X-rays produce distortion of images peripheral to the central X-ray beam. Dodge and associates described detailed mechanical and mathematical systems for the use of central X-ray markers, measured X-ray tube-tofilm distances, and calculation of object-to-film distances in the anteroposterior and lateral projections.3 Employing these approaches, a correction factor for nonparallel X-ray beams can be determined for each biplane film pair. Subsequent investigations have demonstrated that a single correction factor can be applied to all biplane film pairs without introduction of significant error in the calculations.5 For accuracy in quantitative angiocardiography, the tube-to-film distances must be stationary, and meticulous mounting of X-ray equipment and attention to patient position remain essential.
Effect of Contrast Media
An important consideration in the accuracy of quantitative angiocardiography is the effect of contrast media on left ventricular performance.4 26 36 Rapid injection of contrast material into the circulation has been shown to increase the circulating blood volume, cardiac output, stroke volume, and heart rate. These circulatory alterations occur as early as 20 seconds after injection. If repeat angiograms are performed after an intervention, a sufficient period must be allowed between injections so that the effects of the intervention can be distinguished from the effects of the preceding ventriculogram.
Angiographic filming is initiated during or within seconds after the injection and is completed in five or six seconds. Studies on left atrial and ventricular pressures in animals and man have repeatedly failed to exhibit alterations during the injection or angiographic filming phases, unless premature beats were produced.4' , 8 36 Such observations have prompted the conclusion that significant changes in left ventricular performance do not occur during the period of opacification of the heart chambers.
Area-Length Method of Measurement
After the left ventricular chamber has been outlined as shown in figure 1, two dimensions are obtained from each of the anteroposterior and lateral film pairs for the area-length method of ventricular volume calculation. 6 The longest length of the ventricular chamber is measured directly using a ruler or compass. The second dimension from each film pair is the minor diameter. Although this can be measured directly, a more reproducible value can be obtained by measuring the area of the ventriculogram with a map planimeter or electronic integrator and then calculating the diameter of the chamber from the equation for the area of an ellipse. The formula for this calculation is: 4 A D rL where D = calculated diameter on the AP or lateral film in cm; A = area in square cm determined by planimetry; L = longest measured length in cm; wr = 3.14.
In this manner the major and minor diameters of the ventricular chamber are obtained.
Several investigators have demonstrated that the left ventricle can be represented by a prolate ellipsoid which appears more appropriate from the ventriculogram than that of a simple sphere.' 7. 8 The prolate ellipsoid consists of a major diameter and two minor diameters. Left ventricular volume can then be calculated by the formula: V = 4/3 7r (L/2) (DAP/2) (Diat/2) where V = volume in ml; L = longest length in the AP or lateral projection in cm; DAP = minor axis calculated from the AP projection in cm; Dlat = minor axis calculated from the lateral projection in cm.
In this manner a volume calculation can be obtained from each biplane film pair.
The comparison and calibration of calculated left ventricular volume with known ventricular volume used models and autopsied human hearts. Several studies have employed human heart autopsy specimens suspended to simulate in vivo conditions with occlusion of the mitral and aortic valves. Known amounts of contrast material were injected into the left ventricle and films obtained for calculations and comparison. Dodge and co-workers compared five methods for calculating left ventricular chamber volumes from biplane X-rays which were evaluated by clay models, and autopsied hearts. 3 Rackley et al. evaluated the accuracy of biplane cineangiography with a similar technique employing autopsied hearts.9 The comparison of calculated left ventricular volumes with the known injected volumes in these hearts provides a careful check on the accuracy of the magnification factors and the appropriateness of the geometric reference figure.
Since the papillary muscles and chordae occupy space within the ventricular chamber, calculated volumes of the 863 VOL 54, No 6, DECEMBER 1976 opacified left ventricle generally overestimate the injected or true volume of the left ventricle, even when corrections for magnification and distortion are included. Utilizing the comparison of calculated to known injected volumes in autopsied hearts, an equation has been derived to correct the calculated volume to the actual volume of the ventricle,4 where Vactual = 0.928 (Volume calculated) -3.8 ml To enhance the accuracy of volume measurements, each laboratory should determine the overestimation of angiographic stroke volume that may characterize its equipment and techniques by a comparison of injected and calculated volumes in an autopsied heart. Additional calibrations of the accuracy of ventricular volume angiographic measurements have been obtained in patients without valvular disease in whom the forward stroke volume determined by the Fick principle or the indicator dilution technique has been compared to the stroke volume obtained from angiocardiographic studies.10 13
Although the prolate ellipsoid has been generally accepted as the most appropriate geometric reference figure, other models have been tested in the calculation of volume of the left ventricle. Direct measurement of chamber axis and Simpson's rule can be used to compute volume. Dodge and co-workers, and Chapman, included the Simpson's rule analysis as well as other mathematical techniques for calculations. 2' Early studies employed biplane angiographic methods for the calculation of left ventricular volume, and subsequently methods were developed for estimating left ventricular dimensions from a single plane projection. Although the biplane technique provides more accurate measurements of a three-dimensional structure, clinical studies have demonstrated that the projected longest length in the single plane is similar to the true longest length of the left ventricle.'4 Since the minor anteroposterior and lateral axis are similar, a single calculated diameter from the left ventriculogram can be utilized with the longest length for the estimation of left ventricular volume. Greene and associates and Sandler and Dodge have both described single plane techniques for estimating left ventricular volume."-16 The method of Greene employed the right anterior oblique (RAO) position and comparison of single plane and biplane measurements demonstrated that the unmeasured (AP) diameter was on average 7% smaller than the measured diameter." Their results revealed that single plane volumes were consistently larger than volumes obtained in autopsy specimens injected with barium. Kasser and Kennedy described the technique for correcting magnification and distortion in the single plane cineangiographic determination of left ventricular volume."6 A wire grid of one centimeter squares is superimposed over a projected cineangiographic frame midway between systole and diastole. The actual area of the opacified left ventricle is measured by counting the number of one centimeter squares enclosed by the ventricle. The actual area is compared to the planimetered area and a ratio of the two areas yields an area correction factor. Aa Area CF=A= Ap where area CF = correction factor; Aa = actual area in cm2 by counting squares; Ap = planimetered area in cm2; linear CF = area F Then ventricular volume (V) can be computed from single plane cineangiograms, where V = r/6 L D2 . CF' Kennedy and co-workers also reported that RAO volumes regularly overestimated biplane volumes.'7 Sandler and Dodge found that the long axis of the left ventricle could be measured on the anteroposterior films in the majority of patients and compared favorably with the calculated spatial length. These investigators also observed that the minor diameters in biplane film pairs did not differ significantly, and volumes calculated from measurements made only on anteroposterior (AP) films agreed closely with biplane calculations. Comparison of left ventricular volumes calculated from single plane RAO films (VRAO) compared to volume from biplane films (VB) demonstrated that'8 VB = 0.81 VRAO + 1-9
Volumes calculated using only AP projections (VAP) can be calculated using'8 VB = 0.951 VAP -3.0
Objective and subjective analysis of left ventricular angiograms was examined by Chaitman and colleagues, and they concluded that subjective estimation of ventricular volume, ejection fraction and wall motion had a significant error rate and that reproducibility and accuracy required objective analysis.'9
Utilizing either slow or rapid filming techniques, the timing of film exposures with the electrical and mechanical events of the cardiac cycle is necessary for the construction of the ventricular volume curve. Premature ventricular contractions may interfere with measurements of ventricular volume, especially with film rates of 4-12 per second. Volumes should not be calculated for the first normal contraction following a premature beat, unless postextrasystolic potentiation is to be evaluated. Single and biplane cine techniques with filming speeds greater than 30 frames per second permit single cycle analysis and deviations from regular rhythm such as atrial fibrillation and premature contractions can be analyzed. With the use of a solar cell sensing device, each film pair can be related to the onset of the QRS complex as shown in figure 1. Since filming duration is performed over 5 to 6 seconds, sinus rhythm allows each film pair to be related to the same QRS complex. In this manner, plotting of the ventricular volume calculations will describe a ventricular volume curve as shown in figure 2.9 Biplane cinefluorographic units with filming speeds of 30 to 60 frames/sec provide a sufficient number of exposures in each cardiac cycle so that sequential ventricular volume curves can be described.
Adjustments for Right Ventricular Measurements. Quantitative angiocardiographic techniques have been applied to estimate chamber size of the right ventricle.20 23 The shape of the right ventricle is sufficiently different from the left ventri- Volume, cc sions and volume can be obtained. Sauter and colleagues have calculated left atrial volumes and calibrated the measurements with autopsy specimens.24 The ellipsoid reference figure and the same equations as for left ventricular volume determinations are used to calculate the left atrial volume, but the atrial appendage is excluded in tracing the contour of the atrial silhouette. Right atrial volumes have also been calculated and excellent correlations with human right atrial casts were obtained with a Simpson's rule method and the ellipsoid area-length method.25
Pressure-Volume Relationships
Changes in left ventricular volume determined from the left ventricular volume curve can be related to left ventricular pressure to construct a pressure-volume diagram or VOL 54, No 6, DECEMBER 1976 loop which illustrates the mechanical events of the cardiac cycle.4' it 3 8 As shown in figure 2, at end-diastole there is maximum end-diastolic volume and left ventricular enddiastolic pressure. Electrical depolarization and activation of the contractile state produce rapid elevation of chamber pressure without an alteration in volume to the isovolumic contraction phase. When left ventricular pressure exceeds the diastolic pressure in the aorta, systolic ejection begins, and left ventricular pressure continues to rise with a simultaneous reduction in left ventricular volume. The termination of the systolic ejection is indicated by the fall in left ventricular pressure. Aortic valve closure indicates the beginning of the isovolumic relaxation phase. Left ventricular pressure continues to decline until chamber pressure becomes lower than left atrial pressure. At this point in the cardiac cycle the mitral valve opens and diastolic filling begins. A further decline in left ventricular pressure accompanies early diastolic filling, but a slight increase in diastolic pressure develops as the diastolic filling phase progresses.
The mechanical work of the left ventricle can be determined from the pressure-volume diagram.4 9 In physical terms, work is generated when a force or weight is moved a distance, and in fluid dynamics pressure-volume work (g/cm) is equivalent to the product of force (grams) per area (cm2) and volume (cm3). Total left ventricular work is composed of systolic and diastolic work. The total mechanical work of the left ventricle for a single cardiac cycle is equal to the left ventricular stroke volume and the mean ventricular systolic pressure; it can be obtained from the planimetered area within and below the pressure-volume loop. Systolic stroke work is represented by the area within the diagram, and diastolic work, or the work performed on the ventricle during filling, is the area directly beneath the pressurevolume loop.
Left Ventricular Mass
On the anteroposterior angiocardiograms, the lateral wall thickness of the left ventricle can usually be identified. An average ventricular wall thickness measurement can be obtained from the area of a 4 cm segment slightly below the equator of the ventricle. The end-diastolic angiocardiograms are selected for this measurement since the ventricular wall thickness is most uniform at this time in the cardiac cycle. The addition of the average ventricular wall thickness to the major and minor axes of the ventricle allows calculation of both chamber volume and shell volume of the left ventricular myocardium. Subtraction of the chamber volume from this total volume provides the volume of the ventricular myocardium, which can be multiplied by the specific gravity of heart muscle to estimate left ventricular mass. 39 The equation for calculating left ventricular mass is:
where mass = the weight of the left ventricular myocardium in grams; L = longest measured length in the AP or lateral projection in cm; DAP = minor axis calculated from the AP projection in cm; Diat = minor axis calculated from the lateral projection in cm; h = left ventricular wall thickness in cm; V = corrected left ventricular chamber volume; 1.050 = specific gravity of heart muscle.
The wall thickness dimension is corrected by the appropriate magnification factor and left ventricular chamber volume has already been corrected by the regression equation. The angiographic calculations of left ventricular mass have been calibrated by comparison to the weights of autopsied left ventricles. Close agreement has been reported in adults and pediatric subjects.40' 41
The calculations of left ventricular mass assume that a uniform wall thickness completely surrounds the left ventricular chamber and that the thickness of the free wall also represents the thickness of the ventricular septum, apex, and aortic valve. Calculations for left ventricular mass are obtained from end-diastolic angiocardiograms and have been compared to barium-filled left ventricular heart specimens which approximate end-diastole. Ventricular wall thickness at the equator of the ventricle does increase during the systolic ejection phase of the cardiac cycle, and calculations for systolic left ventricular mass exceed those values obtained from end-diastolic angiocardiograms.42 Systolic wall thickness is less likely to be uniform since the percent shortening of the minor axis exceeds that of the long axis. Angiographic estimates of percent thickening of the left ventricular wall in man have exceeded those recorded in experimental studies.43' 4 Angiographic measurements of ventricular wall thickness include the overlapping and infolding of the trabeculae and papillary muscles.
Left Ventricular Wall Forces
Left ventricular chamber dimensions, wall thickness, and pressure can be used to calculate the forces within the ventricular wall. 45 The law of Laplace is a mathematical principle that estimates tension in a chamber with an infinitely thin wall. Tension is the product of the pressure in the chamber and the radius. Tension has been defined as the force acting on a hypothetical slit in the ventricular wall which would tend to pull the edges apart with a specific force per centimeter length of slit. In the left ventricle, the Laplace relationship must be modified to consider wall thickness and thus stress is equal to the product of pressure and radius (tension) divided by the wall thickness. Stress is defined as the force per unit of cross-sectional area of the ventricular wall, as shown in figure 3 . The relationship between stress and tension is stress = tension wall thickness where stress is force per cm2, tension is in force per cm, and wall thickness is in cm.
In equilibrium the forces acting within the ventricular wall balance the forces acting on the ventricle. Sandler and Dodge have demonstrated that at the equator of an ellipsoid there is a relationship between the principle radii of curvature, wall stress, chamber pressure, and wall thickness. These calculations for wall tension and stress are based entirely on thin-wall theory. The computed values using the assumptions of thin-wall theory become inaccurate when the ratio of radius to wall thickness (R/h) becomes small (when R relative to h becomes small). Mirsky has described a method for computing wall stress using thick wall theory. 46 Although the radial, longitudinal, and circumferential wall stresses can be calculated at the equator of the left ventricle, generally the value for circumferential wall stress is used in clinical analysis of cardiac function. Circumferential wall stress is the largest force generated and supported within the ventricular wall at the level of the equator. The equation is,
where stress = dynes/cm2 X 103; P = left ventricular pressure in dynes/cm2; h = angiographic wall thickness in cm; a = major semiaxis or half the longest length in cm; b = minor semiaxis or the geometric average of the calculated minor semiaxis in cm. Left ventricular tension and stress can be calculated STRESS= d pulling force / unit XS area (CM2) 02 FIGURE 3 . A segment ofleft ventricular myocardium is illustrated with wall thickness h and forces T1 and Ta acting on the cross-sectional-area (X S) expressed as dynes/cm2. Theforce acting on an infinitesimally thin wall of a structure is tension and measured as dynes/cm. The force acting within a wall offinite thickness is stress and is measured as dynes/cm2. throughout the cardiac cycle for each available angiographic film pair.43 46 47-49 Figure 4 illustrates the sequential changes of left ventricular tension, wall stress, and pressure throughout the cardiac cycle in a patient. Preload and afterload are terms derived from isolated papillary muscle mechanics, and these expressions are now used clinically for left ventricular end-diastolic pressure and systemic arterial pressure. However, in the papillary muscle preparation preload represents grams or force per cross-sectional area which distend the relaxed muscle and afterload is the added weight after fixation of the relaxed muscle length which will resist shortening after stimulation. Analogous measurements in the intact left ventricle for preload and afterload are end-diastolic wall stress and peak systolic wall stress respectively.50 Since left ventricular wall stress is calculated from chamber dimensions, pressure, and wall thickness, calculated wall stress rises earlier than pressure alone, and with systolic ejection, a decrease in chamber volume, and an increase in wall thickness, the calculated systolic wall stress declines more rapidly than chamber pressure.
Left Ventricular Function
The mechanical performance of the left ventricle can be analyzed by estimation of the left ventricular ejection fraction. The ejection fraction is the relationship of the left ven- 867 VOL 54, No 6, DECEMBER 1976 tricular stroke volume to the end-diastolic volume and is calculated from the equation, Frcin=LVSV Ejection Fraction = EDV where LVSV = left ventricular stroke volume, i.e. EDV-ESV; ESV = end-systolic volume in ml; EDV = enddiastolic volume in ml.
In normal subjects and patients with various chronic cardiac diseases the ejection fraction has been shown to correlate with the rate of pressure development (dp/dt), changes in left ventricular dimensions, the normalized velocity of ejection, velocity of contractile element shortening at peak wall stress, the systolic shape of the ventricular chamber, and the slope of the ventricular function curve.5'-60
The reproducibility of the ejection fraction has been demonstrated with different observers, different cardiac cycles, and variations in time of angiocardiography.61 These observations support the use of the ejection fraction as an expression of the mechanical performance of the left ventricle.
In patients with incompetence of the aortic or mitral valve, angiographic determination of left ventricular stroke volume and forward stroke volume obtained by a different technique can be compared to estimate the regurgitant volume per beat. 62 The biplane or single plane diastolic and systolic volumes must be corrected by the appropriate regression equations to calculate total left ventricular stroke volume. To compute regurgitant stroke volume, the forward or effective stroke volume determined by the Fick or indicator dilution method is subtracted from the left ventricular stroke volume determined by an angiographic method. In figure 5 , the left ventricular stroke volume ex-EDV -255 130 ceeds the forward volume and the difference represents the amount regurgitated per beat across the incompetent valve.
Several additional expressions of ventricular performance can be derived from dimensional changes of the left ventricle. The chamber circumference can be calculated ir X D and the circumferential shortening rate can be determined from the slope of the plot of circumference with time." Since the series elastic velocity is equal to zero at the time of peak systolic stress, the circumferential shortening rate at the instant of peak systolic stress is equal to the velocity of contractile element shortening. Gault and co-workers examined left ventricular dimensions and calculated the course of circumferential fiber shortening and wall stress during the cardiac cycle.64 They demonstrated a relationship between instantaneous wall stress and velocity of shortening. Karliner et al. studied a large series of patients and concluded that mean circumferential fiber shortening provided a simple measurement for left ventricular contractility which 1) required analysis of only two frames of cineangiograms, 2) allowed quantitative comparisons of left ventricular contractility between patients, and 3) adequately detected altered cardiac performance even when valvular disease and myocardial dysfunction coexisted.6" Left ventricular power can be determined from the product of instantaneous chamber pressure and the rate of volume change throughout the cardiac cycle.66 In this manner myocardial muscle mechanics can be evaluated in the intact left ventricle by the analysis of pressure and angiographic measurements.
The long axis and diameters of the chamber can also be utilized to describe the shape and geometry of the left ven- The distensibility or compliance of the left ventricle influences the slope of the diastolic portion of the pressure-volume diagram. Changes in pressure and volume during the period of diastolic filling can be analyzed to provide estimates of left ventricular compliance.6f9 72 High fidelity pressure recording systems are desirable in the calculations of diastolic compliance since the magnitude of pressure changes during diastole is small. Several equations for left ventricular compliance have been proposed, where AV = angiographic left ventricular stroke volume; AP = difference between end-diastolic pressure and the lowest early diastolic pressure in the ventricle; AV/ESV = the diastolic volume change divided by the endsystolic volume to calculate diastolic fractional volume; AV/dPED = the reciprocal of the slope of the diastolic pressure-volume curve at end-diastole; and BSA = body surface area in mi. Wall dynamics have been examined by the use of roentgen videometry, and ventricular wall thickness computed as the least distance between the endocardium and the epicardium for the particular wall section being studied.79 Diastolic wall thickness, fractional increase in wall thickness and mean and peak rates of wall thickening can be calculated. With this approach multiple determinations of wall thickness in different regions of the same ventricle allow comparison of cyclic thickness values obtained during the same beat.
An important consideration in the analysis and calculation of abnormal wall motion is the reference system employed.80-83 Although the central X-ray beam marker can be used as a reproducible system, the most sensitive system has used the aortic valve as a marker. [81] [82] [83] The longest length of the left ventricle can be divided into equal portions from which the minor perpendicular or radial axes can be assessed for calculation of the percent shortening of each axis from diastole to systole.5 axised X axise, X 1 % A axis -0axised
In this manner, the abnormally contracting segment as shown in figure 7 is the akinetic or dyskinetic segment of the end-diastolic circumference divided by the total enddiastolic circumference. Abnormally contracting segment is calculated for each projection as illustrated in figure 7 and an average value obtained for the abnormally contracting segment of the left ventricular wall. Biplane angiocardiography is superior to single plane ventriculograms in the VOL 54, No 6, DECEMBER 1976 workers and Graham and associates.91' 92 Miller and colleagues reported average end-diastolic volume as 88 ml/m2; end-systolic volume, 32 ml/M2, and ejection fraction, 0.64. Graham and co-workers reported in children less than two years old, normal end-diastolic volume 42 ml/m2, and ejection fraction 0.68. In children older than two years, Graham reported end-diastolic 73 ml/m2 and ejection fraction 0.63. In these studies left ventricular mass in children less than two years was 96 g/m2 and above two years 86 g/m2.
Several investigators have reported normal values for left ventricular volumes, ejection fraction, and mass in adults using the biplane angiographic technique.8' 37, 43, 57, 91, 93 End-diastolic volume ranged from 70 to 95 ml/M2, and endsystolic volume from 24 to 36 ml/m2. Ejection fraction in two studies of patients without heart disease was 0.67 ± 0.08 and 0.67 ± 0.03 (SD). Left ventricular wall thickness in normal subjects was reported by Kennedy et al. to be 10.9 ± 2.0 mm (SD) and by Hood and associates to be 8.5 ± 0.5 mm (SD).43 '3 Left ventricular mass calculated in these two studies was 167 and 164 grams. Falsetti, using the single plane technique in the right anterior oblique position, reported an average end-diastolic volume of 104 ml/m2; endsystolic volume, 31 ml/m2; and ejection fraction, 0.70 in normal adults.57 Values for end-diastolic wall stress, peak systolic stress, and left ventricular compliance have been reported.43'
Congenital Heart Disease
Left atrial and ventricular volumes have been measured in children with conditions which produce pressure and volume overloads. Miller and colleagues described normal volumes in patients with aortic stenosis and coarctation of the aorta.9' Graham and associates reported that patients with aortic stenosis and coarctation of the aorta have normal chamber volumes.94 The ejection fraction was higher than normal and the left ventricular mass increased in both causes of pressure overload. The low end-diastolic volume in aortic stenosis and the normal volume in coarctation, along with an abnormally elevated end-diastolic pressure, indicated the presence of a decrease in ventricular distensibility due to hypertrophy without dilatation.
In patients with left ventricular volume overload, atrial volumes, end-diastolic volume and end-systolic volume were all increased.9' In patients with congenital mitral regurgitation, regurgitant flows ranged from 19 to 94% of total left ventricular stroke volume, and forward flow was maintained by an increased end-diastolic volume but ejection fraction remained within the normal range. 95 Miller observed a constant relationship between the ejection fraction and the enddiastolic volume in patients with either pressure or volume overload and nonfailing hearts.9' Miller and associates studied three patients with endocardial fibroelastosis and found markedly elevated enddiastolic and end-systolic volumes with significantly reduced ejection fractions." Quantitative angiographic studies in patients with tetralogy of FaIlot revealed left ventricular volumes in the lower range of normal.97 Following an anastomatic procedure for tetralogy of Fallot, left ventricular volume increased in some patients. Two weeks after complete repair, left ventricular volumes were less than in patients not operated. Ejection fraction was significantly better after complete repair than in nonoperated patients or those with anastomotic operations. Graham and co-workers have recently reported right ventricular volumes in dextro-transposition of the great arteries without ventricular inversion.99 With intact ventricular septum, right ventricular end-diastolic volume was larger than left ventricular end-diastolic volumes, but with a ventricular septal defect, right ventricular end-diastolic volume was smaller than left ventricular end-diastolic volume. The majority of patients with transposition of the great vessels without ventricular septal defect had abnormal right ventricular function with an increased end-diastolic volume and reduced ejection fraction.
Valvular Heart Disease
In the early period of its clinical application, quantitative angiocardiography offered significant contributions to the assessment of ventricular size and function in patients with valvular heart disease.", 99"`The ranges of the ejection fraction and left ventricular mass have been reported in patients with volume overload produced by insufficiency of the aortic and/or mitral valve. Determinations of left ventricular volume have provided objective measures of the extent of dilatation and hypertrophy in valvular heart disease. Calculations of end-systolic volume have provided important information for quantitating valvular regurgitation and for assessing left ventricular performance in terms of ejection fraction.' Hunt and associates have demonstrated that quantitative angiography, which can determine the regurgitant volume, is a more accurate indicator of aortic regurgitation than visualization of the regurgitation by cineangiography.'07 Quantitative angiography in patients with valvular heart disease enables objective comparison and analysis of the nature of the alterations in ventricular performance among patients with similar valvular disorders. In figure 8, ventricular volume curves and left ventricular pressure are.compared in two patients with aortic regurgitation.9 Quantitative angiographic measurements for these patients indicate similar end-diastolic volumes. The determination of total left ventricular stroke volume and forward stroke volume permits quantitation of regurgitation in each patient. The difference in the ejection fraction between the patients provides an explanation for the lack of symptoms in one patient and the advanced symptoms of left ventricular failure in the other. The reduced ejection fraction in the symptomatic patient is produced by a significant increase in end-systolic volume, indicating impaired systolic performance and depression of the contractile state of the myocardium. Both patients demonstrated a significant increase in left ventricular mass which supports the observation that chronic dilatation of the left ventricle is usually accompanied by hypertrophy. Finally, the normal and near normal left ventricular end-diastolic pressures in the overloaded ventricle can be explained by an increase in ventricular compliance, stress relaxation resulting in a shift of the diastolic pressure-volume curve. In these patients with significant aortic regurgitation, quantitative angiography provided objective information on the extent of ventricular dilatation, hypertrophy, regurgitant flow, compliance, and mechanical performance. stenosis and insufficiency exhibits not only an abnormally increased left ventricular stroke volume, but an increase in pressure overload due to the aortic stenosis as well. The areas within and below the pressure-volume diagrams indicate mechanical left ventricular work. Chronic pressure overload of the left ventricle is usually created by stenosis of the aortic valve, but obstruction above or below the aortic valve can similarly produce an elevated left ventricular systolic pressure. Similarly, hypertension commonly imposes a chronic pressure overload on the left ventricle. In patients with chronic pressure overload, an increase in left ventricular mass often develops without a significant increase in end-diastolic volume or dilatation. In figure 10 sequential changes of left ventricular pressure, wall stress, and wall thickness are illustrated in a patient with pressure overload.49 The difference in the sequence of change in wall stress and the pressure curve in the compensated state is explained by compensatory thickening of the left ventricular wall. Thus, despite elevated left ventricular systolic pressure, peak systolic wall stress is relatively normal because of the thick ventricular wall and normal chamber dimensions. Dodge has estimated that systolic thickness of the left ventricular wall displaces 50% of the stroke volume in normal man and nearly 60% with left ventricular hypertrophy secondary to aortic stenosis.'08 During the systolic ejection phase the increase in ventricular wall thickness permits a larger cross-sectional area for the distribution of wall stress, and this occurs as the dimensions of the ventricular chamber are diminishing. These dynamic on 0 x E 40 c z u changes produce peak systolic wall stress shortly after aortic valve opening. Thereafter systolic wall stress declines rapidly.
The alterations imposed on the mechanical performance of the left ventricle with incompetence of the mitral valve are illustrated in figure 11 . There are two conspicuous abnormalities of the pressure-volume loop.38 First there is a loss of the isovolumic contraction phase due to instantaneous regurgitation of blood into the left atrium following the onset of ventricular contraction. This produces a large increase in left ventricular stroke volume which can be estimated from the difference between angiographic left ventricular stroke volume and the forward stroke volume.
Secondly, there is early diastolic filling of the left ventricle which is due in part to the large regurgitant v-wave in the left atrium that produces an abnormally elevated left ventricular filling pressure. This patient exhibited a normal ejection fraction. Hawley and co-workers calculated left atrial volumes in patients with mitral regurgitation and observed 1) large left atrial volumes (all patients in the study group with a left atrial volume greater than 365 ml had mitral regurgitation); 2) large left atrial cyclic volume change; and 3) left atrial volume change per beat equal to or greater than forward or effective stroke volume.109 End-diastolic wall stress and peak systolic stress have been reported within the normal range in patients with chronic left ventricular volume overload and a normal ejection fraction. 43 The normal end-diastolic pressure again suggests that in the presence of chronit volume overload and dilatation ventricular compliance has remained normal.
Patients with ventricular decompensation often exhibit an alteration in the geometric shape of the left ventricle.' In figure 12, cross-sectional and frontal projections of diastolic and systolic dimensions in patients with normal ventricular performance, compensated but significant mitral regurgitation and decompensated, volume-overloaded left ventricles are illustrated.5 A comparison of these dimensions reveals that a normal ejection fraction can be maintained in extreme The left ventricle has hypertrophied in response to a chronic pressure overload, and this is manifested by the increase in diastolic wall thickness. Further thickening occurs with systolic ejection so that peak systolic wall stress remains within the normal range even though left ventricular systolic pressure is abnormally elevated.
(Reprinted from Clinical Cardiovascular Physiology,4" by permission.)
Volume ml FIGURE 11. The pressure-volume diagram in a patient with mitral regurgitation is shown. There is a loss of the isovolumic contraction phase on the right side of the pressure-volume loop due to mitral valve incompetence. Early diastolic filling is initiated by the 40 mm Hg v-wave in the left atrium. (Reprinted from Cardiovasc Clin35 by permission.)
CIRCULATION
ANGIOGRAPHIC QUANTITATION OF LV FUNCTION/Rackley left ventricular dilatation from volume overload and that the ratio of the radii of curvature and the percent changes in systolic wall thickness may be normal. In the patient with decompensated volume overload and an extremely reduced performance of the ventricle, these relationships are significantly altered. The ventricle in this patient has become more spherical both in diastole and systole. Deformity of the ventricular contour will render the ellipsoid reference figure for the calculation of ventricular volume inappropriate, and when the minor axis becomes similar to the major axis, the more accurate formula is that of a sphere where volume is equal to 4/3 ir r3. This alteration in geometric shape correlates with depression of left ventricular function. It has been postulated that the spherical contour of the ventricular wall may be a compensatory mechanism which results in more even distribution of systolic wall forces.55' 108 The circumferential and longitudinal wall stresses are similar in a spherical structure whereas in the contracting ellipsoid ventricle the circumferential wall stress is significantly greater than the longitudinal wall stress. Hood and Rolett compared minor and major axis shortening in patients with chronic heart disease and observed that the failing ventricle assumed 4MU FIGURE 12. Exact scale dimensions are illustrated for cross-sections and longitudinal sections of the left ventricle in a normal subject, a patient with severe mitral insufficiency and a patient with decompensated volume overload. The patient with mitral insufficiency and preservation of mechanical performance maintains the ellipsoid configuration in both diastole and systole with similar diastolic and systolic ratios of radii (R,/R1) to the normal subject. A more spherical configuration is apparent in diastole and systole in the patient with decompensated volume overload. In this patient the ejection fraction is extremely depressed and the ratio of radii is approaching that for a sphere. a rounder shape. 67 Vokonas and colleagues calculated eccentricity in patients with compensated and decompensated mitral regurgitation."10 The ejection fraction was related to the globularity of the ventricle and decompensated mitral regurgitation was associated with a more spherical ventricle.
Idiopathic Myocardial Hypertrophy
In patients with congestive or obstructive cardiomyopathy, left ventricular dimensions have provided important information on chamber size, extent of hypertrophy, state of the mechanical performance of the ventricle, and the distribution of wall forces.'11-115 In figure 8 , a pressurevolume diagram is shown for a patient with idiopathic hypertrophic subaortic stenosis. In addition to the pressure overload, these patients often have mitral regurgitation which is indicated by a loss of the isovolumic contraction phase. Finally, the diastolic portion of the pressure-volume loop may exhibit abnormalities in left ventricular enddiastolic pressure indicating disturbances in ventricular compliance. Due to the excessive increase in septal and free wall thickness with normal or subnormal chamber dimensions, the calculated wall stresses in patients with obstructive cardiomyopathy may be abnormally reduced even though there is a systolic pressure overload. The inordinate thickness of the ventricular wall provides a greater cross-sectional area than is required by the pressure overload alone and the wall forces are below the normal range. However, Hood and associates have shown that endocardial wall stress in these patients may be high but that there is a significant fall in wall stress in the epicardial areas of the ventricular wall.11" Such observations suggest the stimulus for hypertrophy in these patients cannot be totally explained by a mechanical pressure overload, but must involve other mechanisms as well.
In idiopathic left ventricular hypertrophy, chamber dimensions may be normal without evidence of a subaortic gradient and pressure overload. Nevertheless, excessive increases in left ventricular mass are present. The ejection fraction may be preserved as is shown in figure 13 in a patient whose left ventricular mass was 864 grams."7 The abnormally elevated left ventricular end-diastolic pressure indicates reduction in compliance of the left ventricle, while the normal ejection fraction suggests preservation of mechanical function. In addition, analysis of left atrial pressure and volume changes reflected the development of compensatory alterations in left atrial function secondary to excessive ventricular hypertrophy and reduction in compliance. The measurements of atrial pressure and volume in figure 14A were combined to describe the pressure-volume loop as shown in figure 14B . The exaggerated a-wave reflects the diminished compliance of the hypertrophied left ventricle. In patients with congestive cardiomyopathy and depressed ejection fraction, Feild and co-workers have reported that the ratio of the left ventricular mass to volume is useful in predicting prognosis.", Coronary Artery Disease Quantitative angiographic methods have proved useful in assessing the extent of dilatation, hypertrophy, and mechanical performance in patients with coronary artery 873 VOL 54, No disease."182-24 Since ischemic heart disease can produce localized abnormalities in the left ventricle, abnormalities of ventricular wall motion can be examined and quantified by these techniques. Although questions have been raised regarding the stimulation of hypertrophy in patients with ischemic heart disease, quantitative angiocardiography has demonstrated that the left ventricle can dilate and hypertrophy in patients with impaired blood flow to the myocardium. Klein et al. in a theoretical analysis postulated that when 20 to 25% of the left ventricular area is inactivated by any pathological process, the degree of shortening distance required of the myofiber to maintain stroke volume exceeds the physiological limits and cardiac enlargement must ensue to maintain adequate ejection of blood."' Feild and coworkers have described a method for estimating the size of the abnormally contracting segment in patients with coronary disease who previously sustained a myocardial infarction. These studies demonstrated that the residual or abnormally contracting segment following myocardial infarction is causally related to progressive abnormalities in compliance, ejection fraction, elevation in end-diastolic pressure, dilatation of the ventricle, hypertrophy of the myocardium, and eventually to the clinical symptoms of left ventricular failure. 77 According to the analysis an abnormally contracting segment greater than 8% produces a reduction in the compliance of the ventricle and one greater than 10% results in depression of the ejection fraction.70 When the abnormally contracting segment exceeds 15%, the left ventricular end-diastolic pressure becomes elevated. Dilatation of the ventricle develops when the abnormally contracting segment exceeds 17% and hypertrophy accompanies the dilatation.
Patients usually manifest symptoms of left ventricular failure when the size of the abnormally contracting segment exceeds 23% of the left ventricular area. Although the overall function of the left ventricle is influenced by the size of the abnormally contracting segment in patients with ischemic heart disease, hypokinesis or diminished wall motion can develop elsewhere in the ventricle. As shown in figure 15, two patients with history of previous myocardial infarctions exhibit similar estimates of the abnormally contracting segment size in the left ventricle.38 However, the ejection fraction in one patient is normal while in the other patient it is severely reduced. This discrepancy is explained by the normal wall motion of the nonscarred myocardium in one patient, whereas in the other patient there is generalized hypokinesis in the nonscarred myocardium. The akinetic segment probably represents a transmural scar, whereas nontransmural scarring may result in hypokinesis of the ventricular wall. These observations suggest that chronic ischemic heart disease can produce not only areas of akinesis but also impaired wall motion and contraction in the noninfarcted areas.
Quantitative angiographic studies in patients with coronary artery disease have demonstrated that the ejection fraction is a reliable prognostic indicator of the results of myocardial revascularization. Oldham and co-workers reported that patients with coronary artery disease and an ejection fraction less than 0.25 had an operative mortality of 55%. 126 Cohn et al. compared the ejection fraction to left ventricular end-diastolic pressure and cardiac index as indices of left ventricular function and found the ejection fraction to be the most sensitive."27 In this study 80% of patients with an ejection fraction less than 0.30 who underwent coronary artery surgery died or had persistence of symptoms postoperatively.
Since the ejection fraction has been accepted as a clinically valuable index of the mechanical performance of the left ventricle, methods have been developed to test the effects of interventions on ejection fraction. Cohn and associates employed postextrasystolic potentiation and the infusion of epinephrine in patients with coronary artery disease and determined the ejection fraction before and after these maneuvers.'28 Patients with a reduced ejection fraction who responded with an increase in ejection fraction of 0.10 or greater had a much better response to either surgery or medical management than did those whose ejection fraction remained the same. In a similar manner, abnormalities in ventricular wall motion have been examined before and after the administration of nitroglycerin.'29' 130
Postoperative Evaluation of Patients
Quantitative angiocardiography has been useful in documenting the response to surgical repair of congenital heart disease, valvular heart disease, and coronary artery surgery. These studies have provided information on the course of dilatation, hypertrophy and the mechanical perfor- nced left ventricular hypertrophy is seldom completely sible.108 In these patients postoperative regression of rtrophy was common, but when preoperative hyperiy was more than a mild enlargement, normal values for ,entricular mass were rarely if ever observed. ie results of coronary artery surgery have been exed extensively, and in addition to studies of postopve graft patency and coronary anatomy, left ven- 132 Arbogast and associates reported that patent vein grafts were associated with no change in left ventricular volumes and ejection fraction in studies performed one year after surgery.'3' However, occluded vein grafts were accompanied by an increase in end-diastolic and systolic volumes and a reduction in the ejection fraction. Kennedy and co-workers observed no change in end-systolic volume, stroke volume, or left ventricular end-diastolic pressure in patients studied postoperatively and concluded that coronary artery surgery did not improve left ventricular function. '32 There have been a few documented instances in which coronary artery surgery produced an increase in the postoperative ejection fraction.
Angiocardiographic characteristics of left ventricular aneurysms have also been studied before and after surgery. Employing modifications of the area-length method, Watson et al. calculated the volumes of both the contracting segment and the aneurysmal section of the left ventricle.'33 In patients with an ejection fraction of the contracting segment of ventricle less than 0.44, the operative mortality was 50%, whereas those with an ejection fraction greater than 0.45 survived surgery and improved.
Future of Quantitative Angiocardiography Potential areas for advancement and application of quantitative angiocardiography are additional automation of the basic method and comparison with and calibration for noninvasive techniques for ventricular dimensions. Techniques for automating border recognition will likely be developed and would expedite analysis and eliminate observer variation. Since angiographic left ventricular volume, wall thickness, and mass measurements have been adjusted on the basis of postmortem studies, quantitative angiocardiography will continue to serve as a standard for calibrating noninvasive methods such as echocardiography, pressure measurements, and radionuclide studies. Echocardiographic methods have been reported for the determination of left ventricular volume, ejection fraction, and mass and these have been correlated with angiographic findings.134"-" Pressure measurements obtained during cardiac catheterization from the Swan-Ganz catheter and noninvasive arterial blood pressure have been combined to provide calculations of end-diastolic wall stress and peak systolic wall stress of the left ventricle.'39 Another emerging noninvasive approach to the quantitative assessment of the left ventricle is the use of radionuclides and the gamma camera for estimating chamber volume and ejection fraction.'40 141 It is apparent, therefore, that quantitative evaluation of left ventricular function by radiographic techniques will continue to serve an important role in the investigation, diagnosis, and clinical management of cardiovascular disease in man. monitoring, adequate oral doses of hydralazine (50 or 75 mg) were determined and then administered every six hours. Hemodynamics were determined at 2-3, 6-8 and 24 hours on hydralazine therapy. Arterial pressure decreased slightly (5%) and systemic vascular resistance decreased significantly (42%). Cardiac and stroke volume REDUCING LEFT VENTRICULAR ejection impedance with various vasodilator drugs has been shown to be a practical therapeutic approach to the management of patients with acute or chronic heart failure.1 The infusion of sodium nitroprusside or phentolamine increases cardiac output and decreases pulmonary and systemic venous pressure, thus decreasing the signs and symptoms of congestive failure. Such beneficial hemodynamic and clinical responses, however, are quickly reversed when intravenous vasodilator therapy is stopped. Therefore, for the long-term management of heart failure, intravenous vasodilator therapy is impractical. To circumvent this difficulty, the hemodynamic effects of various nonparenteral vasodilators (primarily the nitrates) have been investigated in the treatment of patients with chronic heart failure. Sublingual or topical nitroglycerin, and sublingual or oral isosorbide dinitrate cause a significant reduction in left ventricular filling pressure in most patients.5'21 Although an increase in cardiac output also occurs in some patients, this increase is slight. In many patients cardiac output may even decrease. ' index increased by 70 and 66%, respectively, without any significant change in heart rate, pulmonary capillary wedge or right atrial pressure. Hemodynamic improvement was associated with clinical improvement without a major complication. During the follow-up period of 3-7 months, seven of nine patients were in NYHA Class II and one in Class III. One other patient died suddenly six weeks after discharge. These findings suggest that hydralazine is an effective oral vasodilator for the treatment of refractory heart failure. pressure, with little or no change in cardiac output, may thus be the result.
In those patients with left ventricular failure in whom a low cardiac output is the primary problem, nitrates may be less effective. A drug with a predominant effect on resistance vessels might have a greater potential for increasing cardiac output. Hydralazine, a smooth muscle relaxant, is known to cause a significant reduction in arteriolar tone, with little effect on capacitance vessels.25 28 Furthermore, hydralazine can be administered orally. The purpose of this study, therefore, was to evaluate the hemodynamic effects of orally administered hydralazine in patients with severe and chronic refractory heart failure, and also to assess the feasibility of such therapy in the long-term management of such patients.
Methods
Ten patients with severe and chronic heart failure, refractory to conventional medical therapy, form the patient population. There were five females and five males with an age range of 29 to 65 years. The etiology of congestive heart failure was cardiomyopathy of unknown cause in four, ischemic cardiomyopathy in two, and persistent heart failure, despite valve replacement (three mitral and one aortic) in the remaining four. The duration of heart failure ranged fromn one to seven years. Nine of ten patients were in NYHA Class IV and one was in Class III at the time of the study. All patients were chronically and adequately digitalized. All patients were taking oral furosemide, 160 to 840 mg daily. In addition, three patients were also taking
